This study evaluated recovery of sport performance and correction of bowstringing after surgical reconstruction of closed finger pulley rupture in high-level rock climbers. A total of 38 patients treated with an extensor retinaculum graft were assessed. The mean follow-up time was 85 months, and 30 patients returned to their previous climbing level. The mean total active motion score was 96% of the opposite side. All patients had an excellent Buck-Gramcko score. There was no significant difference in grip strength and tip pinch strength in the crimp position between the injured side and the opposite side. A total of 31 patients were examined with ultrasonography. In 18, flexor bowstringing effects had returned to near-normal values. There was an association between rock climbing level recovery and the flexor bowstringing correction (odds ratio, 6.9; 95% confidence interval, 1.1-42.8). If flexor bowstringing was corrected, patients were more likely to regain their preinjury sport performance. The ultrasonography measurement was a useful tool for predicting functional recovery.
Introduction
As the number of participants in rock climbing and their level of expertise increase, this sport has become the most common cause of closed rupture of finger pulleys in the past 30 years. A total of 30% to 40% of finger injuries involve the proximal interphalangeal (PIP) joint area (Mallo et al., 2008) and the prevalence of pulley injuries ranges from 20% (Kubiak et al., 2006) to 26% (Bollen and Gunson, 1990; Rohrbough et al., 2000) in high-level climbers. The crimp grip (PIP joint flexed and distal interphalangeal (DIP) joint extended) is the grip most frequently associated with injury (Moor et al., 2009; Vigouroux et al., 2006) . In fact, the force applied to the A2 and A4 pulleys is 36 times and four times higher, respectively, in the crimp grip than in the slope grip (PIP extended and DIP flexed) . The maximum breaking load is close to 408 N for A2 and 210 N for A4 (Lin et al., 1990) . Pulley rupture around the PIP joint can disrupt the permanent relationship between flexor tendon and skeleton ensured by the pulley system (Doyle, 1989; Moutet, 2003) . This rupture leads to a bowstringing effect (Figure 1) , which can decrease the range of finger motion by 10° (Moutet, 2003) and prohibits full finger flexion, especially when the A2 and A4 pulleys are involved (Tubiana, 1986) .
In our unit, we perform surgical reconstruction using an extensor retinaculum graft (Lister, 1979) for high-level climbers with clear clinical bowstringing according to Kubiak et al. (2006) and confirmed by an imaging examination. To date, there are few studies in the literature reporting long-term followup results regarding pulley reconstruction. The aim of this retrospective study was to explore whether surgical reconstruction allows recovery of climbing level and the decisive factors influencing this recovery. The secondary objectives were to evaluate the correction of bowstringing and the functional results of surgery.
Methods

Patients
Between 1997 and 2014, 53 rock climbers were seen for closed traumatic rupture of the finger pulley in our unit. A total of 15 patients were not included in this study: 13 patients declined to participate and two had died. Finally, 38 patients (31 men and seven women) with a mean age of 28 years (range 18-40), presenting an isolated or combined complete (grades II-IV ) rupture of the A2, A3 or A4 pulleys were included in this study. The minimum follow-up was 6 months after resumption of climbing following treatment. Of the 38 patients investigated, 21 were competitive rock climbers and 17 patients were non-competitors. A total of 16 patients were professional rock climbers and 22 patients considered rock climbing a hobby. All patients had a climbing level greater than seven according to the Union Internationale des Associations d'Alpinisme grading scale (UIAA scale) (Wiessner, 1969) , and all injuries were caused by rock climbing. The crimp grip position caused the rupture in 33 cases. All of these patients described pain or inability to perform their sport at their previous level. The characteristics of the patients are summarized in Table 1 .
Diagnosis
The pulley rupture was diagnosed when flexor bowstringing was found on clinical examination for all patients and confirmed with ultrasonography (US), tomodensitometry or magnetic resonance imaging. Flexor bowstringing greater than 2 mm for the A2 and A4 pulleys and greater than 3.5 mm for the A3 pulleys defined the diagnosis of complete rupture (Klauser et al., 2002; Schöffl et al., 2003; Schöffl et al., 2012) ; this information was collected using medical records. In all cases, surgical findings confirmed the complete rupture.
Treatment
Surgical treatment was undertaken a mean 109 days (range 3-622) after injury. In all patients, pulley reconstruction was performed using a graft harvested from the extensor retinaculum of the wrist (Lister, 1979) . The first surgical phase consisted in digital exploration and excision of the fibrous tissue corresponding to the ruptured pulley. Good-quality pulley stumps were preserved ( Figure 2(A) ). Then a 15-mm-wide strip of extensor retinaculum was harvested from the fourth compartment for the pulley reconstruction ( Figure 2(B) ). The proximal and distal parts of the extensor retinaculum were preserved. Finally, the graft edges were sutured to the pulley stumps using 4-0 polydioxanone absorbable suture (PDS™ Ethicon), placing the synovial layer against the tendons (Figure 2(C) ). The first graft edge was sutured with the finger in extension. The second graft edge was sutured with the finger in flexion, in order G II = 2 G III = 30 G IV = 6 to reduce flexor stresses (Figure 2(D) ). The graft was sutured to the stumps of the pulley remnant to keep the flexor tendon in a watertight flexor tunnel. The graft was fashioned slightly wider when combined ruptures of A2 + A3 and A3 + A4 pulleys were encountered. Postoperatively, patients wore a splint, which maintained the metacarpophalangeal (MCP) joint at 80° flexion and the wrist at 30° flexion for 45 days. An external thermoplastic ring was always applied immediately after surgery to the reconstructed pulley for 90 days. Daily physiotherapy was commenced 3 days after surgery. This included draining massages, pressure therapy and pulsed ultrasound next to the reconstructed pulley. From the first day of rehabilitation, the affected finger and neighbouring fingers were actively and passively mobilized without resistance, covered by the splint while maintaining the flexor tendons pressed against the phalanx to protect the new pulley. After 45 days, work against resistance was gradually introduced. A gradual return to climbing was permitted 3 months after surgery. Patients were allowed to start using the crimp grip position at this stage, but patients were advised to avoid use of this position if possible because of the risk of damage to other pulleys. Specifically, repetitive stress in this grip position was prohibited, and patients were recommended to use the slope grip position instead.
assessment
The mean follow-up time was 85 months (range 11-207) after returning to climbing. The mean sportspecific performance level (redpoint climbing level corresponding to climbing a route that is known to the climber without rest according to the UIAA scale) was the primary study endpoint. For its evaluation, we used the measurement system as described by Schöffl et al. (2003) .
Objective evaluation included measurement of the residual bowstringing using high-resolution US (S-Nerve, FUJIFILM Sonosite, Paris, France) with a 6-to 13-MHz linear transducer. The image acquisitions were performed underwater, without skin contact, to avoid pressing the flexors against the phalanx (Figure 3(A) ). We performed the US in supination, in the dynamic crimp position with the sagittal plane acquisitions from both the injured finger and the contralateral finger (Figure 3(A) ). To ensure good measurement reproducibility, we superposed the images of each finger using bony landmarks with Fiji software (ImageJ, National Institutes of Health, Bethesda, MD, USA). We measured the residual bowstringing, on the same line for all fingers, on the fixed middle part of the A2 pulley for A2 or A2 + A3 reconstruction (Figure 3(B) ) and on the fixed middle part of the A4 pulley for A4 or A3 + A4 reconstruction, thus avoiding the curvature effects of the pulley (Lin et al., 1989) . The E-space defined the residual bowstringing and corresponded to the distance from phalanx to the deep face of the flexors (Figure 3(B) ). An E-space greater than 2 mm was considered pathologic (Klauser et al., 2002; Schöffl et al., 2003; Schöffl et al., 2012) . The E-space measurements on patients with isolated A3 reconstruction were excluded from the analysis, because of the mobile nature of this pulley (n = 3). We could not assess four patients, and the final US analysis included 31 patients.
The range of motion of all joints in the involved and the contralateral fingers was measured using a goniometer, as well as the range of motion of both donor and contralateral wrists. Hyperextension was considered abnormal and noted as 0° extension deficit (Kleinert and Verdan, 1983) . A loss greater than 10° in extension and 20° in flexion relative to the opposite side was considered pathologic. The Buck-Gramcko Score (Buck-Gramcko et al., 1976) and the total active motion score (Kleinert and Verdan, 1983) were also measured.
The mean of three measurements of grip strength and tip pinch strength in the crimp position were used, expressed as a percentage of the opposite side.
Subjective evaluation comprised preoperative pain derived from medical records and postoperative pain determined at clinical examination. Both were assessed in the dynamic crimp position using an analogue pain scale (0-10) (pain score). Side effects from harvest of the extensor retinaculum were also noted, in particular clinical evidence of bowstringing. Patient satisfaction (excellent, good, fair, poor) and their acceptance to undergo the treatment again in the event of the same injury occurring on another finger were noted.
Statistical analysis
R for Mac OS X (R Foundation for Statistical Computing, CRAN) and Stata (StataCorp LP, College Station, TX, USA) were used for the statistical analysis. Data were presented as mean and standard deviation (SD). We performed a paired Student t-test if the sample was normally distributed and the homogeneity of variance was given. Otherwise, the nonparametric Mann-Whitney test was used. Graphic representations were made with boxplots. Normality was verified using the Shapiro-Wilk test and the Gaussian aspect of variable distribution on histograms. The homogeneity of variances was verified using the Bartlett test. Chi-squared analyses with individual comparisons were made with the Fisher exact test and the χ 2 test, as appropriate. Univariate analysis for identifying possible predictors of climbing level recovery was performed. For categorical variables, outcomes were presented with odds ratios (OR) and 95% confidence intervals (95% CI). The variables studied are summarized in Table 2 . A P-value less than 0.05 was considered statistically significant.
Results
A total of 30 patients returned to their initial level within a mean period of 6.4 months (SD 2.8) after returning to climbing. Fifteen of them improved their climbing level.
Flexor bowstringing was corrected for 18 patients with the E-space less than 2 mm. The mean E-space decreased by 2 mm (SD 1.6) on average from a mean preoperative value of 3.9 mm (SD 1.0) to a mean postoperative value of 2.1 (SD 1.2) and remained on average 1.1 mm (SD 1.2) greater than the contralateral mean value of 1.0 (SD 0.5) ( Figure 4) .
All of the MCP, PIP and the DIP joints of all patients had unrestricted flexion at postoperative examination, and also all the DIP joints of all patients had unrestricted extension. Seven patients had an average loss of PIP joint extension of 16° (SD 4), which was considered pathologic, and one patient had a 14° loss of extension on the MCP joint. The mean total active motion score was 96% (SD 4) of the opposite side. All patients had an excellent Buck-Gramcko score (14/15 or 15/15). Three patients had a 17° (SD 5) average loss of extension in the wrist and the mean total active motion of the wrist was 146° (SD 10), which was 99% of the opposite side.
There was no significant difference in grip strength (t-test; P = 0.97) and tip pinch strength in the crimp position (t-test; P = 0.12) between the injured side and the opposite side. The mean postoperative grip strength was 494 N (SD 112), which was 100% (SD 12) of the opposite side. The mean postoperative tip The number of patients experiencing pain decreased from 25 to 10, and the mean pain score was significantly reduced (Mann-Whitney test; P < 0.01) from 2.9 (SD 2.6) to 0.6 (SD 1.2). The side effects and complications of the treatment are summarized in Table 3 . A total of 35 patients judged the treatment good or excellent, one judged it fair and two judged it poor. A total of 30 patients declared that they would undergo the procedure again in the event of another pulley rupture.
Sixteen factors that could promote the climbing recovery were analysed and are summarized in Table 2 . There was a strong association between climbing level recovery and E-space correction under 2 mm (OR, 6.9; 95% CI, 1.1-42.8). The total active motion score was significantly higher for patients who regained their initial level of climbing than patients who did not regain their initial level ( Table 2 ). The type of pulley injured influenced the climbing level recovery (Table 2 ).
Discussion
Surgical pulley reconstruction provided only inconsistent climbing level recovery. US showed that surgery provided substantial correction of flexor bowstringing, confirming the literature findings (Gabl et al., 2000; Le Viet et al., 1996) . Although this correction was inconsistent, US showed that an E-space under 2 mm was a predictive factor for recovery of the patients' initial climbing level (Table 2 ). If the flexor bowstringing was corrected, patients were much more likely to regain their sport performance. For patients with an E-space under 2 mm, the incomplete nature of correction compared with the healthy finger ( Figure 4 ) did not influence functional recovery and we believe that a distended but mechanically competent graft is sufficient for high-level climbing. The US measurement was therefore a useful tool for predicting functional recovery.
However, in cases where the E-space had not returned to a value under 2 mm, a graft positioning error was suspected. The graft could have been sutured too far away from the PIP joint. Indeed, Roloff et al. (2006) demonstrated that graft positioning was determinant in reducing the forces exerted on the pulleys and must be at a distance 0.37 times the length of the proximal phalanx of the centre of rotation in the PIP for A2 and 0.34 times the length of the medial phalanx of the centre of rotation in the PIP for A4. Regarding the two failed grafts without graft integration, the E-space was more than 6 mm and patients were not able to recover their previous climbing level. The A4 pulley was not involved in any patient who regained their initial climbing level, and we consider A4 pulley injury a poor prognostic factor for the recovery of sport performance (Table 2) .
In this study, the observed remission of pain, recovery of strength and the high satisfaction level found agreed with the literature findings (Arora et al., 2013; Gabl et al., 2000; Moutet et al., 2004) , but we did not use Schöffl et al's method for strength measurement (2006) , which takes into account the effect of the hand dominance, and are unable to comment on this. The slight limitation of PIP and MCP extension observed in this study has been noted by other authors (Arora et al., 2007) and has been assumed to be the result of scarring and soft tissue swelling.
Bowstringing correction, although it was inconsistent in the present study, was non-existent with conservative therapy . Conservative therapy has been recommended by for grade II and III injuries, but other authors do not support this. Some workers have described climbing level recovery for all patients after 1 year and normal strength in the hanging or crimping finger position after 6 months following conservative treatment (Schöffl et al., 2004 . However, 41% of the patients treated conservatively showed a significant decrease in range of motion in the PIP joint , and a previous study described only 67% of patients recovering their previous climbing level and 50% experiencing pain remission (Moutet et al., 1993) .
Other authors have recommended the extensor retinaculum graft over extrasynovial donor grafts (Boyes, 1970; Kleinert and Bennett, 1978) , as the frictional resistance to tendon gliding is lower (Nishida et al., 1998) . We do not consider the harvesting morbidity to be significant; of the ten patients in our study with extensor bowstringing, only two declared discomfort.
We do not advocate the use of taping, which has been shown to be of little value (Schweizer, 2000; Warme and Brooks, 2000) . We recommend the use of US as a tool to predict functional recovery for patients who have undergone surgical reconstruction of the flexor tendon pulleys.
